In this paper, a simple and versatile method is presented which enables detection of nitric oxide (NO) released from vascular endothelial cells (ECs) cultured in microfluidic structures. The culturing system and NO measurement method allow cell shape to be controlled in a non-invasive manner using microfluidic structures while NO release is monitored for cell shape versus function studies. The culturing system consists of arrays of polydimethylsiloxane (PDMS) fluidic channels 120 micrometers in depth and ranging from 100 micrometers to 3 mm in width. The number of channels in each array is varied to yield a constant cell culture surface area (75 mm 2 ) independent of channel width. The channel surfaces are collagen-coated and ECs are cultured to confluence within the channels. A cell scraper is then used to scrape extraneous cells cultured between channels, and NO measurements are made 18 to 24 hours later. A chemiluminescencebased sensor system (NOA 280i, Sievers NO Analyzer) is utilized to measure sample NO. Initial results indicate that NO concentrations can be measured from different microfluidic channel-containing samples using this method. Initial results suggest that there is no significant difference in NO concentration derived from channels of different widths even though the degree of cell elongation varies due to physical constraint by microfluidic channel walls. However, cells treated with TNFα appear to release more NO than untreated cells in fluidic channels, which is comparable to the function of ECs cultured in conventional culturing systems such as culturing dishes.
INTRODUCTION
Microfluidics is the science of design and fabrication of devices that concern extremely small volumes of fluids, using structures (e.g., microfluidic channels, chambers, sensors) whose sizes are most easily measured in micrometers. The advent of new microfabrication techniques and materials has enhanced the performance of these microfluidic systems in biological research remarkably 1, 2 . In particular, microfluidics has had an enormous impact in the area of cell biology, offering new methods and instrumentation allowing study of single cells and groups of cells employing microfluidic channel-based devices 3, 4, 5 .
One important application of microfluidics has been in the area of vascular science, which combines results from molecular and cell biology with in vitro models of blood vessels 6 and in vivo tests to bring development in vascular diseases treatment through study of the vascular endothelium. The vascular endothelium is the layer of endothelial cells (ECs) lining the inner surface of all blood vessels in the body. Dysfunction of the vascular endothelium is an important factor in major diseases such as atherosclerosis. Atherosclerosis is the arterial disease in which an artery wall thickens, thereby causing focal plaques that restrict blood flow. Further dysfunction and damage of vascular cells may result in plaque rupture, which occludes blood flow to downstream tissues and is the main cause of myocardial infarction. This arterial disease is the leading cause of mortality in the western world 7 . It has been shown that early atherosclerotic lesions develop preferentially in arterial regions where ECs are cuboidal, while arterial regions with elongated ECs are largely resistant to the development of atherosclerosis 8 . However, the basis of the correlation remains unknown. One method to non-invasively control EC elongation for shape versus function studies is to culture ECs in microfluidic channels of different widths, resulting in greater cell elongation in microfluidic channels of smaller width. Microfluidic instrumentation has been previously used to study the shape versus function of vascular ECs grown in elongated shapes in microfluidic channels under both flow and no flow conditions 8, 9, 10 . ECs thus elongated may have a very different functional response from ECs whose elongation is induced using other methods such as flow-based shear stress, preferential attachment using patterned surface structures, or using chemical compounds. Indeed, physical methods of cell shape control, such as using grooved surfaces or microfluidic channel confinement, have been suggested as powerful methods to non-invasively control EC shape for shape versus function studies.
The endothelium plays an important role in vascular function through the release of soluble factors 11 . One of the most important factors released by ECs is nitric oxide (NO) 12 . NO is a free radical that reacts quickly with oxygen and metals. As a result, it has an in vivo half-life in blood of only a few seconds, which presents a considerable technical challenge to performing direct measurements 11, 13 . Reduction in NO release from ECs has been proposed as a major mechanism of EC dysfunction and may result in atherosclerosis 14 . Many studies have suggested that cell shape may regulate the function of various cell types including ECs 7 . It has been shown that NO production by ECs is related to the morphology of this cell type, which is influenced by the direction and magnitude of shear stress in vivo and in vitro 15 . Investigations have also documented the influence of cytokines such as tumor necrosis factor-alpha (TNFα) on the elongation of ECs and increased NO generation by ECs 15 ; therefore the extent of EC elongation may be an important regulator of aspects of EC physiology such as NO production. Understanding the relationship between EC shape, function, and the amount of NO released by monolayers of ECs may provide valuable insight into atherosclerosis and its treatment.
Microfluidic methods have been previously used to detect the production of NO released from ECs in response to chemical or mechanical stimuli by applying a variety of NO sensing techniques. These methods include integrated amperometric NO sensors, fluorescence microscopy, and Western blot detection of endothelial NO synthase (eNOS) expression, which correlates well with NO release 16, 17, 18, 19, 20 . While all of these systems have shown successful NO detection in microfluidic or larger fluidic channels, these prior systems involved either complicated sensor integration 16, 17, 20 , indirect measurement of NO 19 , or the use of equipment requiring direct optical access to the microfluidic channel network, resulting in less versatility due to the need of complicated or large-area fluidic channel networks 18 . The purpose of this paper is to instead design a simple, versatile, yet accurate method to measure the small NO concentrations produced from ECs cultured in small fluidic channels in response to stimuli and to provide the capability for a range of morphological and functional studies within microfluidic-based systems. The presented method is highly versatile since it does not involve integrated NO sensors and can be performed on virtually any microfluidic channel geometry after cell culture and confluence. It is very simple in terms of both microinstrumentation design and measurement method. It is also expected to be accurate since the sensor used for the experiments, the NOA 280i Sievers NO Analyzer, offers one of the most accurate and versatile detection systems for NO analysis and is considered to be the best method for NO detection by researchers worldwide 21, 22 .
DESIGN OF MICROFLUIDIC CULTURING SYSTEM FOR NO MEASUREMENT
The microfluidic cell culturing system consisted of four microfluidic channel arrays with equal length (2.5 cm) and depth (120 µm) but with varying widths from 100 µm to 3 mm. As previously mentioned, microfluidic channel width has been shown to affect cell elongation; however, the effect of different microfluidic channel widths on NO production has never been shown before. In order to compare the NO release from a similar number of cells in each array, the samples were designed to have the same culturing surface and the same volume of cell medium (3 ml) for each array. The number of microfluidic channels in each array was varied to provide the same culturing surface area; for example, thirty 100 µm-wide microfluidic channels, as compared to one 3 mm-wide channel. Table 1 shows the number of channels with their dimensions for each array, which are numbered 1 through 4, where array 4 has the widest channel size (3 mm). Figure 1 shows the different designs (arrays 1 through 4) from a perspective looking down on the fluidic channels. Figure 1 The layout design (looking down) of four different channel arrays with the same channel culturing surface (75 mm 2 ). Each chip was the same size, such that both the total fluidic channel area and total area between channels was the same for each sample.
MATERIALS AND FABRICATION
The microfluidic channels were fabricated from polydimethylsiloxane (PDMS) using conventional soft lithography techniques against SU-8 molds. PDMS is a silicone elastomer that is widely used in microfluidics due to its inexpensive fabrication cost, flexibility, biocompatibility, and ease of fabrication. Like many silicones, PDMS provides a good surface for EC culture and proliferation 17, 23 . SU-8 is a negative, epoxy type, near-UV photoresist, which has been specifically developed for ultra-thick, high-aspect-ratio structures such as found in microelectromechanical systems (MEMS) that can be fabricated using standard lithography equipment 24 . It has been widely used as a mold for PDMS soft lithography, which is the primary fabrication technique used in this paper for the fluidic channel fabrication 25, 26 . Figure 2 shows the process used to fabricate the SU-8 mold and the PDMS microfluidic channels. A <100> silicon (Si) wafer was used as the substrate to make the mold, which was thoroughly cleaned with an RCA 1 clean (NH4OH:H2O2: de-ionized water in 1:1:5 ratio) at 80°C for 10 minutes, followed by a 50% HF dip for 30 seconds (a). SU-2035 was spun on the wafer at 1000 rpm for 30 seconds to create a 120 μm-thick layer (b). Pre-exposure soft bake was done at 65°C and 95°C for 5 minutes and 25 minutes respectively. The SU-8 was then exposed with 260 mJ/cm 2 of UV light. SU-8 was then cross-linked during the post exposure bake at 65°C and 95°C for 5 minutes and 12 minutes respectively (c). The layer of SU-8 was then developed using SU-8 Developer (Microchem) for 15 minutes (d). Any residual developer was washed away from the SU-8 mold using isopropyl alcohol (IPA).
In order to fabricate the PDMS microfluidic channel, a thoroughly mixed liquid PDMS (10:1 mass ratio of base and curing agent, Dow Corning) was mixed and poured onto the mold master and the wafer was placed in a vacuum chamber to eliminate trapped air bubbles (e). The wafer was then placed into an oven at 80°C for 60 minutes to cure the PDMS. Finally, the cured PDMS was peeled away from the substrate to create the microfluidic channel arrays (f). The PDMS arrays were manually cut into rectangular shapes and placed on the surface of a Petri dish ( Figure 3 ). Silicone isolators (Grace Bio-Labs) or silicone sealants (Dow Corning) were used to make a same-sized barrier around each microfluidic channel array in order to provide a larger volume of fluid (0.55 ml for the silicone isolators, or 4.5 ml for the silicone sealant isolators) compared to the volume of only the microfluidic channels in each array (0.009 ml). Approximately 0.5 ml of the total fluid was collected for each sample after 24 or 48 hours of cell culture. When silicone isolators were employed, the entire fluid volume was utilized (0.55 ml). When the silicone sealant isolators were used, only 3 ml of the total 4.5 ml volume was used. 
EXPERIMENTAL METHODS
An ozone-chemiluminescence-based sensor system (NOA 280i, Sievers Nitric Oxide Analyzer) was utilized to detect and measure the amount of NO in our samples as it offers the most versatile detection system for NO analysis. Using this accurate sensor we developed a simple protocol for measurements from microfluidic structures. The NO released from the ECs cultured in different channel sizes (resulting in differently-shaped ECs) or under different conditions (TNFα stimulation or no stimulation) could thus be detected.
Culturing endothelial cells in a single microfluidic channel
The first experiment was designed to determine whether NO concentrations released from cells cultured in the devices were detectable by the NO sensor. ECs were cultured in a single fluidic channel with dimensions of 4 mm, 28 mm, and 120 μm for fluidic channel width, length and depth respectively. The culturing surface area of this single fluidic channel was about 1.5 times the principal surface area that was later used for other measurements (as outlined in Sections 4.2 and 4.3).
Bovine aortic ECs (BAECs) were cultured using the following procedures: the fluidic channel was first coated with Type-I collagen to enhance cell adhesion and then left in an incubator at 37° C for 24 hours. The collagen was then washed away with Dulbecco's phosphate-buffered saline without calcium and magnesium (DPBS). The ECs were plated and cultured in the fluidic channel using standard procedures in Dulbecco's Modified Eagle's Medium (DMEM, high glucose; Thermo Scientific) containing 4 mM L-glutamine, 4500 mg/l glucose, 1% penicillin + streptomycin, and 10% fetal bovine serum. A silicone isolator with dimensions of 4.8 x 2.3 cm and a depth of 0.5 mm was used around the fluidic channel to provide a maximum culturing volume of 0.55 ml, which was filled up all the way. The medium (0.5 ml) was collected from confluent monolayers 24 hours after the cells were plated.
In order to make measurements using the Sievers NO Analyzer, 0.1M sodium nitrite solution was first mixed and diluted to 10 -6 M. Volumes of 5 µl, 10 µl, and 25 µl of this solution were then injected into the machine in triplicate using a syringe. Data from these injections was used to generate standard curves in Microsoft Excel. It should be noted that a new standard curve is generated from standard solution each time that measurements are made; this curve is then used to calculate NO concentration from test samples. NO-rich cell culture samples were then injected into the machine in triplicate (20 μl each time) and the results from the three samples from the same chip were calculated using the standard curve.
Baseline measurements in microfluidic channels of different widths
The second experiment involved culturing of ECs within microfluidic channels of different widths in order to obtain baseline measurements for each width of microfluidic channel. BAECs were cultured using the same procedures as for the single microfluidic channel experiment in section 4.1, except using silicone sealant as a barrier rather than silicone isolators in order to increase the possible maximum volume of cell culture medium from 0.55 ml to 4.5 ml. However, in each test only 3 ml of the possible 4.5 ml volume was used. This was done to facilitate manual extraction of 0.5 ml samples for testing from each device. Silicone sealant was used to provide a barrier with the dimensions of approximately 4.5 cm x 2 cm and a depth of 0.5 cm, on seven different chips at each of the four different fluidic channel widths. To ensure that the measurements were performed on approximately the same number of cells, a cell scraper (BD Falcon) was used to scrape the cells cultured on top of the channels after 24 hours. The remaining cells were then washed and provided with 3 ml of fresh medium (not filled up to 4.5 ml) in each array, and then left in the incubator for another 24 hours. Approximately 0.5 ml of medium was collected from each microfluidic channel system and centrifuged to remove cellular debris before being stored at -80 o C until tested for NO concentration. To obtain the average NO concentration for each fluidic channel width (3 mm, 300 µm, 200 µm, and 100 µm), the seven different chips for each fluidic channel width were tested in triplicate. Thus, 28 tests (seven chips each for the four different fluidic channel widths) were performed in triplicate to minimize errors.
TNFα-stimulated endothelial cells
TNFα is a pro-inflammatory cytokine (cell signaling protein), which has been shown to increase both EC elongation and acute NO secretion 15, 27 . In this study, we investigated whether or not the stimulatory effect of TNFα on ECs cultured within our microfluidic channel-based system was significant. The purpose of this experiment was to investigate the versatility of our system and determine if the influence of cytokines on ECs could be studied in our microfluidic system as in traditional culturing systems. For this purpose, ECs were plated on the surface of two identical fluidic channels with dimensions of 3 mm, 26 mm, and 120 μm as width, length and depth respectively, and cultured using the same basic procedures described previously. However, there were a few alterations: the cells grown outside of the fluidic channels were scraped after the cells became confluent (at the 6 hour time point in this experiment). The ECs were then washed and provided with fresh media. One of the fluidic channels was treated with 10 μl/ml of TNFα. Both the treated and non-treated cells were incubated for another 18 hours. Two 0.5 ml samples were then collected after this time period, one each from the treated and non-treated fluidic channel devices. Thus, the total time for this process was 24 hours less than the two previous processes; therefore it is expected that the cells would release less NO than the other two experiments as the time period for release was less than half as long.
EXPERIMENTAL RESULTS

Culturing endothelial cells in a single microfluidic channel
The cells cultured in the single 4 mm-wide fluidic channel produced an NO concentration of 1028.97 nM above values of cell medium alone, indicating that the NO produced by cells in the fluidic channel was indeed measurable. Figure 4 shows a photograph of ECs cultured within the single fluidic channel with dimensions of 4 mm, 28 mm, and 120 μm as width, length and depth, respectively, 24 hours after cells plating. A healthy confluent monolayer can be seen. 
Baseline measurements in microfluidic channels of different widths
Photographs of ECs cultured inside and outside microfluidic channels before and after cell scraping are shown in Figure  5 . Figure 5a and 5b show confluent ECs before (a) and after (b) scraping in the 3 mm-wide fluidic channel. Figure 5c shows confluent cells grown inside and outside 100 μm-wide microfluidic channels and 5d shows 200 μm-wide microfluidic channels after the cells grown outside the channels have been scraped. The concentration of NO released from cell monolayers cultured within microfluidic channels of different widths was measured and compared. Table 2 shows the mean value of NO concentration among the seven samples for each microfluidic channel width from seven different chips, along with one standard deviation and standard error for each data set at each microfluidic channel width. The standard error for each data set was calculated by dividing the standard deviation by the square root of the number of samples (7 samples). Table 2 The mean value, standard deviation, and standard error calculated for each data set at each microfluidic channel width; N1, N10, N15, N30 are the arrays with 1, 10, 15 and 30 microfluidic channels respectively as introduced in Table 1 It has been previously shown that the degree of elongation of BAECs increases as microfluidic channel width decreases 8 . For BAECs grown in the microfluidic system presented in this paper, we have seen a similar microfluidic channel widthdependence for EC elongation. However, our simple and versatile microfluidic culture and NO-measurement system also enables us to measure the NO release of cells grown in microfluidic channels of different sizes. Figure 6 shows the NO concentration as a function of microfluidic channel width (which correlates to different degrees of cell elongation). The results suggest that there is no significant change in the amount of NO released from cells in different microfluidic channel sizes. Thus, it appears that physically forcing the cells in microfluidic channels to become less or more elongated does not significantly affect the generation of NO. We note that for the first 24 hours of this experiment, the cells had also plated between the channels, which would be expected to lead to the same level of NO measurement among all samples. However, even after another 24 hours of NO release only by cells in the fluidic channels, a difference is still not discernable as shown in Table 1 and Figure 6 . Figure 6 The graph of mean value of NO concentration released from the cells cultured within microfluidic channels of different widths. N1 is the array with 1 3-mm channel and N10, N15, N30 are the arrays with 10 300-μm, 15 200-μm, and 30 100-μm microfluidic channels, respectively, as introduced in Table 1 . 
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TNFα stimulated endothelial cells
TNFα increases the elongation and acute NO generation of ECs in conventional culturing dishes. In this experiment, we investigated the influence of TNFα on the shape and function of ECs cultured in fluidic channels in order to show the versatility of our system to easily perform such experimentation. The quantity of NO released from treated and untreated ECs cultured within two identical fluidic channels was measured and compared in our experiment. The results showed that TNFα increased NO production. In addition, the previously un-elongated cells (as expected in a fluidic channel 3-mm in width) became elongated in the fluidic channel due to TNFα stimulation. This experiment was repeated five times on samples obtained from the same chips under the same conditions, and the average value of the results from all five experiments was calculated. Figure 7 shows the average value of NO concentration released from the TNFα-treated and untreated endothelial cells cultured in 3mm-wide fluidic channels. Figures 8a and 8b show pictures of untreated ECs and TNFα-treated ECs approximately 18 hours after scraping and adding the TNFα (which occurred at the 6 hour time point). As can be seen in Figure 8b , not all of the treated cells appear to be elongated, but there are many elongated cells compared to mainly cuboidal cells in the untreated sample. variability. In addition, the silicone sealant barriers are currently fabricated by hand; thus, the area of cell culture surface not contained within fluidic channels may vary slightly from chip to chip. While using a relatively large number of different chips with different barriers (e.g., the seven chips used for the baseline measurements) minimizes this problem, it is at the expense of more time consuming tests.
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Cells were also stimulated with the pro-inflammatory cytokine TNFα in order to investigate the versatility of the instrument for performing different tests that may result in altered NO production by ECs grown in fluidic channels. The resulting NO concentrations (226.50615±24.1018 nM vs. 179.018335±43.3498 nM for treated and untreated cells respectively) suggested that the stimulated ECs became more elongated and released more NO than cells not stimulated with the cytokine, which was an expected result based on data from conventional culturing dishes. As the time period for NO release in this process was 24 hours less than the two previous processes, the absolute value of the amount of NO detected was less compared to the single channel and baseline measurements at each microfluidic channel width. Although the difference between the NO produced by the untreated and TNFα-treated samples was significant (approximately 20%), it is still somewhat lower than what is seen in other experiments in culturing dishes. However, this experiment was based on results from a single fluidic chip; thus, more experimentation is needed to further validate these results. Other future work will involve performing the same experiment on microfluidic channels of different widths to determine the effect of TNFα on the NO production of already elongated ECs in microfluidic channels. Such experimentation will show not only further versatility of our microfluidic system and method for NO measurement, but will herald the beginning of experiments that may have significant biological relevance to vascular research.
